Abstract-The work in the complicated environment requires the robot to possess the better mobility, which is the basis that the robot can complete the task successfully and ensure itself security. To improve the adaptability in the unstructured environments, the aim is the mobility of a special d-configuration of AMOEBA-I, and the cooperative turning and cooperative negotiation of the d-configuration is presented. The capability on the turning and traversing the channel are analyzed theoretically. Also the relationship between the climb height and the location of center of gravity is discussed. The maximum climb heights respectively in the normal negotiation method and cooperative negotiation are compared theoretically. Finally, the experiment in the indoor and outdoor relic environment verifies the mobility of the d-configuration, which satisfies the requirement that the robot can perform the task in the unstructured environments.
I. INTRODUCTION
The frequent nature disasters and man-made catastrophes during the last decades such as earthquake, typhoon, hurricane, earthquake, radiation and terrorist attack have aroused people's attention on the importance of Urban Search and Rescue (USAR). Although people have more watchfulness than before, a large number of people still have died in unprofessional rescue due to inadequate equipment and being lack of professional manpower [1, 2] . Timely searching for victims and subsequent rescue operations from the rubble of collapsed buildings are highly required. Since these operations are very dangerous for human workers and even for trained dogs, autonomous mobile systems are highly needed to help in finding trapped victims. It is a great challenge to develop search and rescue robot that can actually work in the disaster site. The search and rescue robot research includes not only the robotics technology but also the rescue technology and the disaster science.
Researches sponsored by the countries and by the companies have resulted in the emergence of various kinds of search and rescue robots [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Since earthquake happens in Japan frequently, intelligent rescue systems with high information and robot technology have been expected to mitigate disaster damages, especially after the 1995 Hanshin-Awaji Earthquake. From 2002, "Special Project for Earthquake Disaster Mitigation in Urban Areas" (a 5 years project which also called DDT project) was launched by Ministry of Education, Culture, Sports, Science and Technology, in Japan. Various kinds of search and rescue robots have been developed such as Souryu (by Prof. Hirose, Tokyo Tech), Moira (by Prof. Osuka, Kobe Univ.), KOHGA (by Prof. Matsuno, University of Electro-Communications) and so on [3] . In America the rescue robot research has focused a lot attention too. Several robots were used for the search and detection operation in the collapsed World Trade Center building in September 2001 [2] . In University of South Florida (USF), Professor Murphy and her fellow have developed "Bujold", a kind of search and rescue robot that has the ability of shape shifting and has been equipped with many sensors [4] . In Carnegie Mellon Robotics Institute, researchers have developed multi-joint robot for inspection [5] [6] [7] . Foster-Miller Company also carries out TALON Robot series for search and rescue mission [8] . In China, the shape-shifting robot named AMOEBA-I has been developed for search and rescue operation [9] .
The work in the complicated environment requires the robot to possess the better mobility, which is the basis of the case that the robot can complete the task and ensure itself security. According to the characteristics of the shape-shifting robot AMOEBA-I, this paper focused on the mobility of a special d-configuration, which has the best synthetical capability in the nine configurations. The cooperative turning and cooperative negotiation of the d-configuration is presented, and the capability on the turning and climbing is analyzed. Also the traversing capability is discussed. At last, the experiment verifies the validity of the methods presented, which improves the mobility of the robot in the unstructured environments.
II. THE FEATURES OF AMOEBA-I
AMOEBA-I is a kind of shape-shifting robot, as shown in the Fig.1 [11] [12] [13] . It applies the modularized structure and possessed the automatically shape-shifting capability. The key advantage of AMOEBA-I is its adaptability to the environments through various configurations. The shape-shifting robot has nine kinds of configurations as shown in Fig. 2 . Each configuration has the particular capability. Through the research, it is found that the d-configuration possesses the better synthetical capability in the nine configurations. In the following, the d-configuration is mainly analyzed. 
III. MOBILITY ANALYSIS

A. Cooperative Turning Analysis
To simplify the relation between the track driving force, driving speed and turning resistance moment of the ground during the turning, the hypotheses are as follows:
• The robot is driving on the flat and hard ground.
• The speed is low during the turning.
• Air resistance and inner resistance are ignored.
• The grounding pressure of single track is uniform.
1) Turning resistance moment
According to the case that the center of gravity of AMOEBA-I lies in the central area of the plane, the model of the turning resistance moment of the d-configuration is built in Figure 3 . 
There is a trace friction dF i (i=1,2,3) on every micro-unit dxdy of track contacting with the ground, and its direction is opposite to the one of absolute speed of the point [14] .
where p(xi,yi): grounding pressure function；μ: friction coefficient with ground.
The grounding pressure of the track is supposed to be uniform： ( , )
Components of dFi in xi axes and y axes： 
Traction force and lateral force of the track:
When AMOEBA-I is in the d-configuration, the turning resistance moment M Oi (mass center of three modules) of module i with ground is as follows. According to the above results, it is found that the ground turning resistance moment mostly depends on the system weight, length of the track contacting the ground and the friction coefficient between the track and the ground.
2) Balance equation of force and moment
When the velocity components in the x、y axes of
When the velocity components in the x、y axes of 
B. Cooperative Negotiation Analysis
In the process of climbing the obstacle, the Pitch joints of AMOEBA-I in the d-configuration are fixed. Hence the obstacle negotiation becomes the climbing of conventional track robot, which is shown in Figure 6 . Utilizing the parameters of the AMOEBA-I presented above, the relationship between the climb height and the location of the center of gravity of is got through (14) , as shown in Fig.8 . . When the robot's front end crosses the tread line, the location of center of gravity of the robot will keep rising. There will be two situations here: one is that the robot's G position exceeds the wall line in the x-axis direction, realizing the tread-crossing；the other is that during the climbing the robot's G position cannot exceed the wall line so as to lead to the erection of the robot and up to overturn. When the mechanism of the robot does not change, aiming at negotiating a higher vertical obstacle, the center of gravity of the robot needs to be adjusted. Therefore the strategy of cooperative obstacle negotiation is put forward as shown in Fig.9 . When negotiating an obstacle, the posture of Module 2 is constantly changed and the gravity centre of the entire robot is adjusted by changing the pitching joints in AMOEBA-I. And Module 2 can also provide the impetus for climb in the process, making obstacle negotiation easier. From Fig.10 , the largest height of vertical obstacle can be calculated that AMOEBA-I can climb over using cooperative negotiation method. The formula is given as follows:
Whereθp1,2 is the angle between the middle line of Module 2 and x axes; L d =83cm, which is the length of the d-configuration. According to (15), the maximum climb height is 48cm, theoretically 18.37 cm larger than the height reached by the method shown in Fig.7 . In fact, the height is less than this due to insufficient driving force. In order to protect the robot's safely, usually the maximum climb height in practice is set to be Hm=40cm. 
C. Traversing Analysis
Because the robot often faces the trench and narrow channel in the complicated environment, the traversing capability is particularly importance to the matter whether the robot can complete the task successfully. The Fig.11 demonstrates the process that the AMOEBA-I in the d-configuration is traversing the trench. Where L d =83cm, which is the length of the d-configuration, and d=24cm, so b x =38cm. Hence, the width of the trench that AMOEBA-I in the d-configuration can traverse is less than or equal to 38cm. In addition, the width of the d-configuration b d is 39cm, so it can pass the narrow channel, the width of which is larger than 40cm.
IV. EXPERIMENTS AND ANALYSIS
A. Cooperative Turning Experiment
The experiment in the indoor environment is performed for the turning capability of the d-configuration. Because the lower turning radius of the robot can rather meet the need of the task in the complicated environment, the differential speed turning is applied in the three groups of experiments. In this experiment, the rotating speed of the driving motor of the Module 1 is -1000r/min, and the one of the Module 2 and Module 3 is 1000r/min. Fig.13 demonstrates the process that the AMOEBA-I in the d-configuration performs the cooperative negotiation in the indoor environment. The height of the obstacle is 31cm. When the robot contacts the obstacle, it first lifts the Module 2, as shown in Fig.13(b) . During climbing the obstacle, the Module 2 fall back and the location of center of gravity is adjusted, as shown in Fig.13(c)-(e) . At last, the robot implements the negotiation successfully. 
B. Cooperative Negotiation Experiment
D. Experiment on climbing the stairs
The stair is the typical environment in the urban terrain. Whether the robot can climb the stair is an important criterion to appraise the performance of the robot. Fig.15 demonstrates the process that the AMOEBA-I in the d-configuration climbs the stairs. It is found that the d-configuration can cover three steps of stairs, so it can climb the stairs smoothly. Fig.16 shows the experiment that the AMOEBA-I in the d-configuration is moving in the simulated urban relic environment outdoor. From this experiment, it is found that this special configuration can adapt well to the complicated terrain in the urban relic environment. According to the structure characteristic of the AMOEBA-I in the specific d-configuration, the cooperative turning and cooperative negotiation is applied to improve the mobility of the robot in this configuration. Also, the relation between the climb height and the location of center of gravity and the passing capability are analyzed theoretically. Through the theoretical analysis, the maximum height the AMOEBA-I in the d-configuration can climb is 29.63 cm in the conventional method; however, the maximum height is 48cm in the cooperative negotiation. Furthermore, the experiments on the cooperative turning, cooperative negotiation and traversing capability are performed in the outdoor relic environment. The experiment results verifies the validity of the methods presented in this paper, and indicates that the d-configuration has better mobility, which can meet the need of the task in the outdoor environment. This research provides the important reference for the application of the shape-shifting robot.
E. Experiment in the Simulated Relic Environment Outdoor
